Reinforced concrete (RC) buildings in Peru use low ductility walls, with rectangular cross-sections and reinforced with wire mesh and vertical reinforcement bars at boundary ends, as structural elements. These structural elements have no columns, have small amounts of reinforcing bars and are expected to fail in a brittle manner. In this study, a performance verification test is conducted on the use of carbon fiber sheets (CFS) as a retrofitting method for shear walls without boundary columns. The focus is on retrofitting walls that fail in flexural mode. In other words, although an increase in strength cannot be expected, CFS retrofitting can delay the concrete crushing of the shear wall base that occurs during flexural failure; and the aim is to verify this improvement in deformation performance due to CFS retrofitting. From the test, by retrofitting the RC shear wall without boundary columns with CFS, it was found that postmaximum strength deterioration was more gradual, and deformation performance was improved. And Ultimate limit deformation of specimen which was partially retrofitted at the boundary ends of the wall was larger than that of specimen which was retrofitted over the entire wall span.
Introduction
Reinforced concrete (RC) buildings in Peru use low ductility walls, with rectangular cross-sections and reinforced with wire mesh and vertical reinforcement bars at boundary ends, as structural elements [1] . These structural elements have no columns, have small amounts of reinforcing bars and are expected to fail in a brittle manner. On the other hand, for RC shear walls without boundary columns, the flexural compression failures in multistory shear walls during the 2010 Chile Earthquake drew a lot of attention [2] as shown in Fig. 1 .
In this study, a performance verification test is conducted on the use of carbon fiber sheets (CFS) as a retrofitting method for shear walls without boundary columns such as those mentioned above. Note that there have already been several reports [3] published on the effectiveness of CFS retrofitting on walls failing in shear or on walls with a boundary column on one side. Here, however, the focus is on retrofitting walls that fail in flexural mode. In other words, although an increase in strength cannot be expected, CFS retrofitting can delay the concrete crushing of the shear wall base that occurs during flexural failure; and the aim is to verify this improvement in deformation performance due to CFS retrofitting.
Outline of Loading Test
2.1. Specimens Tables 1-4 provide the test specimens list and the concrete, reinforcing bars and CFS material properties. Figs. 2 and 3 show the bar arrangement and schematic diagram of the test specimens. There are a total of three test specimens of RC shear walls without boundary columns. The test variables selected were the presence/absence of CFS retrofitting and the extent of retrofitting. Note that all three specimens were walls designed for flexural failure. And wall mesh reinforcement of D6 steel bars used in this test was fabricated with binding wire. Specimen WF represents the unretrofitted test specimen for understanding the basic behavior of the walls. Specimen RWF1 was retrofitted over the entire wall span while specimen RWF2 was partially retrofitted at the boundary ends of the wall as shown in Fig. 3 .
To attach the CFS, the corners of the walls were chamfered to a diameter of 24 mm, epoxy resin was first applied to the wall surface, the CFS was then attached while maintaining tension manually and with a roller, and then epoxy resin was further applied on top with a roller to impregnate the CFS. Moreover, the top and bottom sheets were overlapped by 12.5 mm each. For specimen RWF2, the CFS was fixed by steel plates (PL-4.5) and threaded bolts (M10). The threaded bolts were installed into drilled hole after concrete casting. And threaded bolts were tightened without management of tightening torque of bolts. 
Specimen RWF2
Unit : mm 
Loading Program
A description of the loading device is presented in Fig. 4 . A horizontal lateral force applied in cycles over the positive and negative directions was used for the loading. Also, a constant axial load (N = 0.08l w t w F c ) of 343 kN was applied at the top of the specimen using a couple of vertical hydraulic jacks. Where, used F c of compressive strength of concrete was 33.5 N/mm 2 in this calculation.
Additional moment was applied at the top of the specimen by controlling these vertical jacks to correspond to the acting shear force, such that the shear span ratio was 1.5, using the following equations.
where, N e : axial force of east side jack, N w : axial force of west side jack, N: constant axial force, Q: lateral load, l: distance between two vertical jacks, h s : assumed height of applied lateral load, and a: actual height of applied lateral load.
In the experiment, the horizontal displacement δ measured at the top stub, divided by the height of the measurement point h (1985 mm), was controlled through the drift angle of the member R = δ /h. The loading cycle started with one cycle of R = 1/800 rad, and then two cycles each of R = 1/400, 1/200, 1/133, 1/100, 1/67, 1/50 and 1/33 rad.
Measuring Method
In the tests, the horizontal displacement was measured, along with the longitudinal deformation at the boundary end of wall and partial deformation of the wall panel. The strains on the longitudinal, horizontal bars of the wall and CFS were measured using strain gages. Additionally, the widths of cracks were measured using a crack scale at each loading cycle.
Test Results

Failure Behavior and the Relationship Between
Lateral Load and Drift Angle The relationship between lateral load and drift angle for each specimen is given in Fig. 5 . Also, Fig. 6 shows the condition at failure at the wall base for each specimen.
For specimen WF, shear cracks appeared at the same time that the vertical wall reinforcement yielded under the R = 1/800 rad cycle, while the horizontal wall reinforcement and the vertical reinforcement at boundary ends yielded under the R = 1/400 rad cycle. Afterwards, maximum capacity was reached at the R = 1/133 rad cycle; large concrete spalling at the lower part of the wall occurred under the R = 1/67 rad cycle, at which point the axial load could not be sustained and loading was terminated ( Fig. 6(a) ).
For specimen RWF1, the vertical wall reinforcement yielded under the R = 1/800 rad cycle while the vertical reinforcement at boundary ends yielded under the R = 1/400 rad cycle, similar to specimen WF. The horizontal wall reinforcement were found to yield at the R = 1/200 rad cycle. Afterwards, maximum capacity was reached at the R = 1/67 rad cycle; at the R = 1/50 rad cy- cle, concrete swelling at the wall base grew (Fig. 6(b) ) until swelling occurred at the center of the lower part of the wall as well.
For specimen RWF2, the vertical wall reinforcement yielded under the R = 1/800 rad cycle while the horizontal wall reinforcement and the vertical reinforcement at boundary ends yielded under the R = 1/400 rad cycle, similar to specimen WF. Afterwards, maximum capacity was reached at the R = 1/67 rad cycle; large concrete spalling at the base occurred during the R = 1/33 rad cycle. And then, right after commencing with the R = 1/25 rad cycle, the axial load could not be sustained and loading was terminated. Looking at the condition at the base during R = 1/50 rad, it was found that the swelling was not as much as that of specimen RWF1 (Fig. 6(c) ).
The Ultimate Limit Deformation
The envelope curves of the lateral load and drift angle relationship and the ultimate limit deformation angles are plotted in Fig. 7 . The ultimate limit drift angle was calculated as the drift angle when the strength capacity drops to 90% of maximum capacity. Comparing all the specimens, post-maximum strength deterioration for specimens RWF1 and RWF2 were gradual compared to specimen WF although their maximum strength capacity were all at about the same level. It is confirmed that there was an improvement in the deformation performance. The ultimate limit deformation of specimen RWF2 was lager than that of specimen RWF1. It is thought that this difference is caused by confining effect in out of plane direction due to threaded bolts in specimen RWF2. Figure 8 shows the ratio of flexural to shear deformation at the time of positive peak loading. As shown in Fig. 9 , the wall was divided into 4 sections over its height and the amount of displacements measured at each section. From these displacements, the average curvature was obtained for each section assuming a planar surface was kept. The flexural deformation was then calculated as the sum of these lateral deformations of curvature. The shear deformation was calculated as the lateral displacement minus the flexural deformation.
Deformation Component
For all specimens, flexural deformation maintained a ratio of about 80% of the total, accounting for much of the overall deformation. Moreover, shear deformation of specimen RWF1 and RWF2 which were retrofitted specimen was slightly smaller than that of non retrofitted specimen WF.
Curvature Distribution
The curvature distribution during the first-cycle peak of each cycle is presented in Fig. 10 . In specimen WF, an overall increasing trend for the curvature could be seen as the loading progressed. As for specimens RWF1 and RWF2, an increasing trend for the wall base curvature could be seen as the loading progressed. It is thought that the crack opening concentrated to the wall base near critical section because CFS adhered to the wall panel could resist to tensile force. And it is found that the number of crack of retrofitted specimen RWF2 is less than that of non retrofitted specimen WF as shown in Fig. 11 of cracking patterns of specimen WF and specimen RWF2. Figure 12 shows the wall base deformation distribution at the positive peak loading (displacements D17-D22 in 9 ). Note that measurements from displacement gauge D20 shown in Fig. 9 for specimen RWF1 could not be get due to an instrument malfunction. For all the specimens, an increasing trend for the wall base deformation could be seen as the loading progressed. Furthermore, for specimens RWF1 and RWF2, displacements were around twice that of specimen WF. This may be attributed to resisting to tensile force due to CFS in the wall panel, which caused the deformation to concentrate at the wall base as shown in Fig. 10 . Moreover, the displacements were found to be linearly distributed for all the specimens, confirming that the wall maintained a planar surface. Figure 13 indicates the CFS strain for specimens RWF1 and RWF2. The locations of the strain gauges are illustrated in Fig. 14 .
Deformation Distribution at the Wall Base
CFS Strain
According to reference [4] , experiments of retrofitted walls have shown that the peak strain of the CFS during maximum strength is about 2000 μ. Specimens picked up in the reference were I-shaped walls which had boundary columns, and failure mode of these specimens were shear failure or slip failure of wall panel. Although the test specimens in the present experiment are not comparable since they were designed for flexural failure, strains between 2000 μ to 3000 μ during maximum capacity have been measured at the wall base even in this experiment, confirming the confining effect of the CFS. Furthermore, strain at the wall center was confirmed to increase starting from the R = 1/67 rad cycle, when concrete crushing has advanced as shown in Fig. 13(c) .
Evaluation of Ultimate Bearing Capacity
The results of the bearing capacity calculations for the specimens are shown in Table 5 . Using reference [5] for the bearing capacity of the specimens, the flexural and shear strength were calculated using the following equations. The effect of CFS was not considered in these calculations.
M wu = a t σ y l w + 0.5a w σ wy l w + 0.5Nl w . . . . (2) where, a t : total cross-sectional area of the vertical reinforcement at boundary ends on the tensile side (mm 2 ), σ y : yield strength of the vertical reinforcement at boundary ends on the tensile side (N/mm 2 ), l w : 0.9D (mm), a w : cross-sectional area of the vertical wall reinforcement (mm 2 ), σ wy : yield strength of the vertical wall reinforcement (N/mm 2 ), N: axial force on the wall (N)
where, p te : equivalent tensile reinforcement ratio (%), F c : concrete strength (N/mm 2 ), M/Qd: shear span ratio, σ wh : yield strength of the horizontal wall reinforcement (N/mm 2 ), p wh : horizontal wall reinforcement ratio with t e as thickness, σ 0 : average axial stress with respect to the total cross-sectional area (N/mm 2 ), t e : wall thickness (mm), and j: 7/8d (mm). Looking at the calculation results, the value of the experimental maximum capacity is greater than the value of the flexural strength. Moreover, a good correspondence was confirmed, with the ratio of the experimental value to the calculated value of the flexural strength shown to be ranging between 1.08-1.20.
Conclusions
An experimental study was conducted on RC shear walls without boundary columns retrofitted by CFS, where the following findings were obtained.
By retrofitting the RC shear wall without boundary columns with CFS, post-maximum strength deterioration was more gradual, confirming the improvement in deformation performance.
Ultimate limit deformation of specimen which was partially retrofitted at the boundary ends of the wall was larger than that of specimen which was retrofitted over the entire wall span.
CFS strains were between 2000 μ to 3000 μ during maximum capacity, confirming the confining effect of the CFS.
The flexural strength of the specimens of RC shear wall without boundary columns retrofitted with CFS can be evaluated using existing formulas.
